Introduction
Polybrominated diphenyl ethers (PBDEs) are used around the world as flame retardants. PBDEs have been detected in biological and environmental samples, and burdens have risen rapidly in both areas over the last few decades (1) . Human exposure to PBDEs is of concern, as increasing levels of PBDEs have been detected in human blood, breast milk (1) , and adipose tissue (2) , and a variety of serious health effects from PBDE exposure have been demonstrated in studies of rats and mice (3) . The penta-BDE mixture, which consists primarily of tetra-to hexa-BDEs, is of particular interest because of its dominance in many biotic samples (1, 4) and, to a lesser extent, environmental samples including air (5, 6) , water (4), soil (7), sediment (1, 4) , and sewage sludge (8) . Although the penta-BDE mixture is banned in Europe and U.S. production has ceased, the environmental release of penta-BDEs is expected to continue from degradation, recycling, and disposal of products made with this and other commercial mixtures (9) (10) (11) . The lesser-brominated congeners also continue to be produced by biological (12) and photolytic (13, 14) breakdown of the deca-BDE mixture, which remains in use by industry.
Airborne congeners of the penta-BDE mixture are likely to accumulate in soil via atmospheric deposition (7) . Soil concentrations as high as 76 µg kg -1 have been measured near foam production facilities using the penta-BDE mixture as a flame retardant (9) . Although little data are available regarding the concentration and distribution of PBDEs in soil, levels near other production or disposal facilities are likely to approach those found by Hale et al. (9) , and urban soils should carry much higher burdens following patterns reported in outdoor air (5) (6) (7) . In addition, transport models (15, 16) and environmental distribution patterns (7) suggest that soils may be the most substantial sink for PBDEs. Little is known, however, about the processes controlling PBDE behavior in soil. For other halogenated persistent organic pollutants (POPs), sequestration by soil components (17, 18) , bioavailability (19) , and biodegradation (20, 21) are important determinants of persistence in soil.
It might be presumed from their structure that PBDE degradation in the environment would be limited (15, 16) . However, recent studies conducted in solution (not soil) indicate that microbial (22) and photochemical degradation (14) of PBDEs occurs. Relative to soil sorption and availability, it remains unclear how significant chemical or biological degradation is to PBDE persistence in terrestrial environments. Another factor known to impact the availability and degradation of halogenated POPs in soil is planting (21, (23) (24) (25) (26) (27) . Plant effects on PBDEs in soil, including potential PBDE uptake and translocation to aboveground tissues, have not been documented.
The single previously reported study of penta-BDE behavior in soil did suggest that penta-BDEs may not be as recalcitrant as previously expected (28) . Unfortunately, this study was conducted using unrealistically high levels (50 000 µg kg -1 ) of a single PBDE congener. Thus, information regarding the fate of different PBDE congeners occurring in soil as components of penta-BDE mixtures is another missing piece in our understanding. In order to investigate the fate of pentaBDEs in soil, a commercial penta-BDE mixture was spiked into soil at an environmentally relevant level (75 µg kg -1 ), and recovery was monitored over time by solvent extraction. The impact of plants on penta-BDE behavior in soil was measured by including planted treatments of radish and zucchini, which have previously demonstrated enhanced degradation (29, 30) or uptake of POPs (25, 27) , respectively. Information regarding the fate of PBDEs in soil and the influence of plants on PBDE persistence will be important in understanding how soil PBDE burdens and associated health risks will change over time.
Experimental Section
Reagents and Standards. All water was deionized (18 MΩ‚ cm) and prepared by passing through a NanoPure treatment system (Barnstead, Boston, MA). Commercial chemicals were of analytical reagent grade and were used without further purification. Analytical standards were purchased from AccuStandard (New Haven, CT). These included 2,2′,4,4′-tetrabromodiphenyl ether (BDE-47), 2,2′,4,4′,5-pentabromodiphenyl ether (BDE-99), and 2,2′,4,4′,6-pentabromodiphenyl ether (BDE-100). Solvents used for standard preparation and in the soil extractions (hexane, acetone, butanol, and propanol) were purchased from Fisher (Fairlawn, NJ). 2-Bromo-m-xylene (Aldrich, St. Louis, MO) was used for a surrogate internal standard and was monitored at the mass of its molecular ion (m/z )185). Internal calibration was utilized, and the quantification was based on relative response factors to this internal standard.
Instrumentation. A Hewlett-Packard (HP) 5890 series II gas chromatograph (GC) coupled to a Hewlett-Packard 5972 mass selective detector (MSD) was utilized in this work. Helium was used as the carrier gas, and the column flow rate was 1.5 mL min -1 . An HP-5 (5%phenyl/95%methyl-polysiloxane) capillary column (30 m, 0.32 mm i.d., 0.25 µm film thickness) was used for separation. Chromatographic conditions were taken from those developed by Vonderheide et al. (31) , and specific temperatures employed are given in Table 1 . Quadrupole mass spectrometry was used to detect and verify analyte identity. The ion source temperature was maintained at 175°C, and the energy for ionization was 70 eV. The mass spectrometer was equipped with an electron impact ionization source and was operated in the positive ion mode; the mass spectra were collected using selected ion mode. The ions chosen for SIM were the [M] + and [M + 2] + isotopes of the molecular ions. BDE-47 was monitored at m/z 484 and 486; the pentabrominated congeners were monitored at m/z 406 and 408. Selected ions were those established by Huwe et al. (32) . The data obtained was processed using the standard HP ChemStation Software.
Characterization of the Penta-BDE Commercial Mixture. The penta-BDE commercial mixture, DE-71, is produced by the Great Lakes Chemical Company. The portion used in this study was donated by Dr. Raoul V. Kuiper, Department of Pathobiology, Faculty of Veterinary Medicine, Utrecht University, The Netherlands. Initial characterization was performed through analysis of a highly concentrated solution of the DE-71 under full scan mode. One tetrabrominated (BDE-47), three pentabrominated (BDE-85, -99, and -100) and two hexabrominated (BDE-153 and -154) congeners were found to be present in the commercial mixture. The ratio of the peak areas of the chromatogram were used to approximate the ratio of their concentrations. . Prior to PBDEamendment, the pH of the soil was adjusted to 6.8 with sulfuric acid for optimal growth and production of both the radish and zucchini plants.
A small aliquot of soil (1 kg, approximately 10% of final amount) was spiked with the DE-71 pentabrominated commercial mixture (delivered in acetone), mixed thoroughly, and placed under a fume hood for solvent evaporation. Spiked soil was then continuously tumbled with unspiked soil for 2 h at room temperature to ensure efficient mixing and bring the soil to a final concentration of 75 µg kg -1 (total pentaBDEs) chosen to best mimic environmental levels determined to date. The initial concentration of PBDEs was verified as part of preliminary extraction comparisons (Table 2) . Only three congeners (BDE 47, -99, and -100) were considered throughout the course of this study due to sensitivity constraints at this concentration. Detection limits for our instrumental setup were established at 5 ppb for each congener; although the hexabrominated congeners were evident in initial experiments, later results showed that their concentrations were below the detection limits of the analytical scheme. These congeners collectively contributed >95% of the total penta-BDE concentration in soil (71.5 µg kg -1 ).
Planting. Planting took place within 24 h of soil amendment. Radish (hybrid radish, small round red cherriette F1) (Raphanus sativus L.) and summer squash (hybrid zucchini squash, yellow gold rush F1) (Cucurbita pepo L.) seeds were purchased from Johnny Seeds (Winslow, ME). Filter paper (#42) was used to line small pots (6 cm × 6 cm × 8 cm), and 180 g (dry wt) of experimental soil was placed in each. Four different treatments consisting of 10 replicate pots were established. The first 10 replicates were left unplanted; the remaining were planted either with zucchini only, radish only, or a combination of both. Pots with only one species contained either one zucchini plant or five radish plants. Those with a combination of the two contained one zucchini plant and four radish plants. Seeds were surface sterilized and soaked in DI water for 2 h prior to placement in the soil pots. Pots were maintained in a controlled growth room (15/ 20°C, 8 h dark/16 h light, 520 lx) for 10 weeks and were brought up to 75% of the water holding capacity daily.
Harvesting and PBDE Extraction. Plants were harvested after 10 weeks of growth. Plant roots were gently removed from the soil, and any remaining plant material was collected. Plants were separated into shoot and root fractions. Each fraction was subsequently washed three times with DI water prior to storage. Plant and soil samples were stored at 4°C before extraction. Plant root and shoot tissue from each of the 10 planted replicates in each treatment were separately 
. Between 0.l and 0.5 g of tissue was recovered in composite root samples used for plant extraction. Shoot and root samples were placed in 7 mL glass scintillation vials with 3 mL of acetone and shaken horizontally for 18 h at 200 rpm. After shaking, each vial was vortexed for 2 min, and after a settling period, the extract was recovered by pipetting and subsequently filtered through glass wool.
Five pots from each treatment were randomly selected for analysis of penta-BDE recovery in soil. Soil from each pot was individually mixed and ground using a mortar and pestle. For each pot, three replicate samples of 5 g each were extracted with 15 mL of acetone by vortexing for 2 min in 30 mL glass vials (SMI 2600 multitube vortexer). Plant samples from these 5 pots were used to calculate shoot and root biomass. Soil extracts were centrifuged, and the supernatant liquid was transferred to a clean vial. All extracts (plant and soil) were taken to dryness by slight warming under nitrogen gas flow and reconstituted with 1 mL of 1:1 hexane:acetone. Before GC-MS analysis, a surrogate internal standard was added to each vial.
Aging Studies. Parallel aging studies were set up to determine the contribution that sorption to soil constituents would have on PBDE loss over the duration of the experiment. Replicate 5 g (dry weight) samples of PBDE spiked soil were placed in 30 mL glass tubes and then autoclaved 3 separate times for 1 h at 121°C. For additional comparison another portion of the PBDE spiked soil was maintained dry (∼2% moisture content) to limit microbial activity. Sterile and dry treatments were kept in the dark to account for possible effects of photochemical degradation. At the time of plant and soil harvest, three replicates of both sterile soil and dry soil were placed in a refrigerator (4°C) and then extracted with acetone in the same manner as was done for pot study soils.
Data Analysis. All statistical analyses were performed using SYSTAT 10.2 software. One-way ANOVA tests were used to determine relationships among planted and unplanted treatments and penta-BDE recovery. Separate ANOVA tests were run for each treatment to determine if percent recovery varied according to individual penta-BDE congeners. Pairwise comparisons were made with post-hoc Tukey tests. Relationships between plant biomass parameters and PBDE levels in soil were analyzed by simple linear regression.
Results and Discussion
The development of analytical methods for the analysis of the PBDEs has progressed rapidly and are reviewed elsewhere (33) (34) (35) . In this study, extraction parameters for the experimental soil were investigated and optimized. Many authors have used nonpolar solvents (e.g. hexane) because of the extraordinary solubility of the PBDEs (33); others have used a combination of a nonpolar and a polar solvent to allow for maximum matrix infiltration (34, 35) . Additionally, in this work we explored the use of alkyl alcohols, as these solvents are commonly used as an indicator of bioavailability. Extraction results with different solvents are given in Table 2 . Previous studies have noted both losses as well as uptake of compounds from air during the drying step of sample preparation (36) . An optimal sequence would therefore not include a soil drying step. Acetone yielded the greatest extraction efficiency of the PBDEs, and the yield was negligibly affected by the presence of water (Table 2) . It was therefore utilized in the soil extractions performed in this work.
The physical mixing of the extraction solvent with the sample matrix can be accomplished in several ways. Some popular means include mechanical shaking, sonication, and vortexing. Each of these methods was investigated within the criteria of both time and extraction efficiency. Vortexing the sample showed the most reproducible results (74.7 ( 10.9; mean ( RSD). Both mechanical shaking and sonication yielded considerably less precision (125 ( 36.1 and 85.0 ( 34.2, respectively). Vortexing was selected as the physical extraction mechanism due to its accuracy in recovery of initial PBDE burdens (Table 2) , better precision, and simplicity.
Penta-BDE Recovery in Soil. The amount of penta-BDEs recovered in solvent extracts declined rapidly in our experimental system, much like results reported by Litz (28) . Total penta-BDEs (including BDE-47, -99, and -100) recovered in unplanted, zucchini and radish treatments were less than 5 µg kg -1 , approximately a 90% decrease from initial levels. Nearly eight times more total penta-BDEs were recovered in the combined zucchini and radish treatment (Figure 1) . Recovery in the mixed species pots was significantly greater than monoculture and unplanted treatments (p < 0.0001, pairwise Tukey tests) for all three congeners.
While the exact mechanisms of this enhanced recovery are unclear, it may have been the result of interspecific plant interactions in the combined treatments. Competition was evident in mixed zucchini-radish treatments; zucchini shoot biomass collected in mixed treatments was only 60% of that recovered in pots with zucchini only (p ) 0.010, t-test, data not shown). Competition between plants is known to alter root exudate production (37) , and any quantitative or qualitative change in exudation could directly impact PBDE recovery by altering sorption to soil particles and/or indirectly by influencing the composition and activity of microbial communities. Exudation also increases during plant stresses such as nutrient limitation, which may arise as a result of competition. Increased exudation may function to enhance nutrient acquisition directly, by chemically enhancing the bioavailability of soil nutrients, or indirectly, by excluding roots of other species from adjacent soil (via allelopathy). Since root biomass in combined zucchini radish treatments was not different from that in radish monoculture (data not shown), it is clear that differences in PBDE concentrations were not driven by root biomass alone. Additionally, PBDE recovery in zucchini and radish monoculture treatments was not correlated with root biomass (data not shown).
Although radish and other plants have been shown in similar studies to enhance degradation of POPs in soil (29), we did not find evidence of any plant enhancement of PBDE dissipation in our experimental soil. This result is not exactly unexpected. The mechanisms controlling the range of possible plant affects on POP dissipation or degradation in soil are still unresolved, and separate studies of halogenated and other POPs yield highly variable results in planted treatments, including enhancement of degradation (26), no effect (38) , and inhibition (39) . However, because total recovery of PBDEs from soil was not possible, even in the parallel aging studies, we are limited in our ability to detect or compare actual degradation among treatments.
Extractability of individual PBDE congeners, measured as PBDE recovery following solvent extraction at the end of the experiment divided by initial PBDE levels, or % recovery, was equal in radish and zucchini monocultures. However, in unplanted and mixed species planted treatments extractability followed the same trend: BDE-47 > BDE-99 > BDE-100 (Figure 2 ). These differences may reflect variable degrees of sorption to soil constituents and/or congener specific biotic effects such as microbial degradation or plant uptake.
In sterilized soil treatments, the extent of total recovery of BDE-47, -99, and -100 (2.15 ( 0.34 µg kg -1 , mean ( SE) was similar to that in nonsterile planted or unplanted soils (Figure 1) , with the exception of the mixed planting treatment. Soil spiked with penta-BDEs but kept dry to minimize biotic effects throughout the experiment also showed a similar magnitude of PBDE recovery at the end of the study (4.15 ( 0.22 µg kg -1 ). Since biotic and photochemical effects were excluded or severely limited in sterile and dry treatments, the reduced recovery of penta-BDEs in these soils can only be attributed to abiotic sorption processes. Although microbial and photochemical degradation of PBDEs in our nonsterile soils were not directly assessed, comparison of PBDE recovery in sterilized and nonsterile soils suggests that these potential mechanisms for PBDE degradation were likely insignificant relative to abiotic sorption during the 10-week experiment. Litz (28) also demonstrated that abiotic sorption to soil components contributes to diminishing PBDE recovery in soil, and other POPs are known to be similarly affected by aging processes in soil (40) .
Penta-BDE Recovery in Plant Tissues. Plant uptake of POPs can also contribute to loss of target compounds from soil (25, 27) . Our results demonstrate that plants have the ability to take up and accumulate as much as 4 µg of total penta-BDEs kg -1 plant tissue. Zucchini roots contained nearly twice as much penta-BDEs as radish roots and showed a greater ability to translocate and accumulate PBDEs in shoots (Figure 3) . Plant uptake and translocation of penta-BDEs was also dependent on the individual congener; translocation to shoot tissue in zucchini increases dramatically with increasing bromine in the penta-BDEs, while the distribution of congeners in root tissue of both species is more comparable (Figure 4 and see Supporting Information). This preferential translocation may be due to interactions involving distinct stereochemical properties of the congeners and the physiology of uptake and transport within zucchini. If translocation were simply due to passive movement in the transpiration stream of the plant, one might expect that lower brominated congeners with greater water solubility would be more easily transported into above ground tissues, which was not the case. Studies of other persistent organic pollutants also show differences in congener uptake among plant species (27, 41) . Such differences have been suggested to arise from species specific root morphology, physiology, water and nutrient requirements, and acquisition mechanisms.
Although adsorption of PBDEs to root tissue in our study cannot be ruled out, adsorption alone would not be expected to lead to the relative abundance of PBDE congeners observed in root tissues. Specifically, the relative abundance of BDE-100 present in root tissue is much greater than its minor contribution to total PBDE levels in the original DE-71 mixture and spiked soil (Figure 4 and Supporting Information).
According to a mass balance analysis, plant uptake of PBDEs by zucchini and radish, though notable, does not represent a sizable portion of the total initial PBDE burden or the quantity of PBDEs that were not recovered is soil. However, because only a fraction of the soil volume is impacted by plant roots and the bioavailable portion within that fraction is also likely to be small, plant uptake of PBDEs may be more efficient or important than a simple mass balance analysis would indicate. The presence of PBDEs in plant tissue also reveals that consumption of plant tissue could be an important route of oral exposure.
Overall Fate of Penta-BDEs in Soil. Abiotic sorption of penta-BDEs to soil constituents appears to be the most important factor in determining the short-term fate of PBDEs in soil. However, our results demonstrate that interactions among plant species can have significant effects on the extractability of PBDEs in soil. Increased extractability in mixed zucchini and radish treatments could indicate that a higher fraction of PBDEs in soil is bioavailable. This may have important consequences regarding the long-term fate of PBDEs in soil in natural environments, where plant communities typically consist of multiple species. Enhanced extractability or bioavailability of PBDEs in planted soils also has implications regarding possible microbial degradation of PBDEs, trophic interactions, and human exposure. More information is needed regarding the bioavailability and biodegradability of PBDEs in the environment in order to predict how levels will change over time and to determine the portion of existing PBDE burdens that is ecologically relevant. Environmental concentrations reported for PBDEs may underestimate total or historical burdens if a portion of environmental PBDEs is unavailable to solvent extraction, which appears to be the case in our system. This problem is compounded by the fact that acetone appears to be a much more efficient extraction solvent than other solvents or mixtures previously used in estimation of environmental levels of PBDEs.
